In this paper a theoretical approach to electromagnetic field distribution in a dielectric slab is discussed. Electrodynamical formulation of the problem involves Hertzian potentials. The electromagnetic field distribution in the slab depends on a function U (x, y) that obeys the two-dimensional Helmholtz equation. Cylindrical waves are one of possible electromagnetic field configurations in the slab that occurs when the function U (x, y) is expressed in cylindrical coordinates.
Introduction
Dielectric waveguides and dielectric resonators are analysed in many academic books and journals. In most cases the plane wave is supposed to propagate in dielectric media [1] [2] [3] Then, electromagnetic field modes and dispersion relations follow as a consequence of boundary condition restrictions. In this paper the theoretical approach involving Hertzian potentials is used. This more complicated mathematical approach to the problem leads to cylindrical configuration waves. Cylindrical configuration waves are supposed to be a solution of the wave equation, having a form ϕ(x, y, z, t) = U (x, y) e iωt e ±ihz , inside (1a)
ϕ(x, y, z, t) = U (x, y) e iωt e −h|z| , outside
where z is the symmetry axis; constant h must be determined from the corresponding dispersion relation. The conventional way to calculate characteristics related to a dielectric slab is to use the plane wave model. Even such complicated problem as Bessel beam propagation and reflection in a dielectric slab can be solved in terms of plane waves [2] . In our notation the plane wave corresponds to U (x, y) = exp[i(±h x x ± h y y)] in Eq. (1) .
In this paper standing and propagating waves in the dielectric slab are derived on the basis of Hertzian potentials. These potentials have a fixed direction (perpendicular to the surface of the slab) and obey the wave equation. The solution has the form of Eq. (1) where U (x, y) is required to satisfy an appropriate equation that will be discussed in the next section. There are two types of Hertzian potentials: electric (Π e ) and magnetic (Π m ); therefore, the electromagnetic field configuration has transverse magnetic or transverse electric field (see schematic plot in Fig. 1 ). Electromagnetic field classification in T M and T E modes is dicussed in Subsection 2.4. Hertzian potentials are independent of the coordinate system in which the function U (x, y) is expressed. Therefore, numerical results and graphical illustration use the cylindrical coordinate {ρ, α, z} system where the z axis corresponds to the symmetry axis in Eq. (1) and U (x, y) = U (ρ, α).
The dielectric slab is supposed to have infinite dimensions in x and y directions of the Cartesian coordinate system, while in the z direction it has thickness d (see Fig. 1 ). The dielectric is supposed to be lossless media characterized by permittivity and permeability.
Hertzian potentials
Magnetic and electric field distributions are derived from Hertzian potentials (electric and / or magnetic) assuming that the potentials have only one perpendicular component [4] . Hertzian potentials are expressed as follows:
where Eqs. (2a) and (2b) expressions are valid inside (|z| ≤ d/2) and outside (|z| ≥ d/2) the dielectric slab, respectively; z 0 is the unit vector of the Cartesian coordinate system; A ± 1 and A ± 2 are amplitudes that differ for z > 0 and z < 0. As the Eq. (2b) describes the electromagnetic field outside the slab, then it is required that the electromagnetic field would disappear in the infinity along the direction perpendicular to the slab surface. Therefore, the sign of the exponent power in Eq. (2b) is negative while the corresponding sign in the Eq. (2a) can be either positive or negative.
For convenience we rearrange Eq. (2a) as follows: we take the sum or the difference of Eq. (2a) with different power signs of the exponents. Consequenly, the rearranged expression contain sin(h 1 z), cos(h 1 z), and Hertzian potential can be symmetrical or asymmetrical along the perpendicular axis to the slab.
The function U (x, y) is required to satisfy the following equation:
Part of Laplace operator ∆ ⊥ does not include derivative with respect to coordinate z. Equation (3) is obtained from the requirement for Hertzian potentials to satisfy the wave equation [4] . This requirement applied to both (2) expressions leads to additional relations among h 1 , h 2 , and β:
As a result, the quantity β is independent of the function U (x, y).
Two cases are distinguished depending on whether Π e or Π m is zero: (i) magnetic field is transversal (H z = 0) to the symmetry axis when Π m = 0 -this is the T M configuration; (ii) electric field is transversal (E z = 0) to the symmetry axis when Π e = 0 - this is the T E configuration. The electromagnetic field classification scheme is shown in Fig. 2 .
The object of further caculations is the electromagnetic field having cylindrical symmetry; therefore, the cylindrical coordinate system ρ, α, z is used.
Electromagnetic field in the case
For the Π m = 0 case electric and magnetic field expressions outside the slab are as follows:
The upper sign at A ± 2 constant means that A ± 2 is different for z > d/2 and z < −d/2. Newly introduced vectors L and S in the Cartesian and cylindrical coordinate systems are
where x 0 , y 0 and α 0 ,ρ 0 are unity vectors of the Cartesian and the cylindrical coordinate system, respectively. Magnetic field inside the slab has two configurations: symmetrical and asymmetrical. For the symmetrical magnetic field we have
and for asymmetrical magnetic field
Boundary
and in the case of asymmetrical magnetic field we have
As follows from Eqs. (7) and (8), the magnetic field has no H z component. These are T M n modes, where index n denotes the root number of Eq. (9a) or (10a), because these transcendental equations have to be solved with respect to β and can have more than one root. The solution of Eq. (3) in cylindrical coordinate system can be found in [4] , where solution is expressed in terms of Bessel and trigonometric functions.
Electromagnetic field in the case Π e = 0
Electric and magnetic field outside the slab are as follows:
In case Π e = 0, the electric field inside the slab has two configurations: symmetrical and asymmetrical. Electromagnetic field inside the slab for the symmetrical electric field case is expressed as follows:
Electromagnetic field expressions inside the slab for the asymmetrical electric field case are
Boundary conditions in the symmetrical electric field case lead to relations
and in the asymmetrical electric field case they are as follows:
As follows from Eqs. (12) and (13), the electric field has no E z component. This electromagnetic field configuration is called T E n modes, where index n denotes the root number of Eq. (14a) or (15a).
Travelling waves
Travelling wave with cylindrical configuration follows as a special case with function U . Suppose, the function U (ρ, α) is expressed in the cylindrical coordinate system. The electromagnetic field will have the form of a travelling wave when U (ρ, α) ∼ e −iβρ . The solution for the travelling wave of Eq. (3) that is independent of the angle α will be [5] 
where H
0 (x) is Hankel function of the second kind. The function U (ρ, α), expressed in this way, far from the symmetry axis becomes
Here asymptotic expansion of function H
0 is used for ρ → ∞ [5] . The electric field outside the slab for the case Π m = 0 is obtained from Eq. (5) in respect of Eq. (16) to be
This indicates that the electromagnetic field far from the symmetry axis has the same form as the travelling wave. Moreover, the electric field is elliptically polarized and rotates to an opposite direction at the upper space z > d/2 of the slab as compared to the lower one z < −d/2, because plus and minus signs in Eq. (18) correspond to z > d/2 and z < −d/2, respectively. The case Π e = 0 leads to similar results.
Poynting vector and electromagnetic field modes
The time-average Poynting vector is defined as follows:
In the case when Π m = 0, the electric and the magnetic fields in Cartesian coordinate system can be written in the following form:
Then the Poynting vector is expressed as follows:
The Poynting vector component P z is a pure imaginary function. This indicates that there is no power flow along the z direction. Whether P x and P y components have the real parts, depends on function U (x, y) in Eq. (6). If U (x, y) is a pure real function, then the Poynting vector is pure imaginary function. This happens to be a condition for standing waves. If U (x, y) has an imaginary part, then Poynting vector has a real part:
In this case the power flow direction is parallel to the surface of the slab. Moreover, the real part Re[E × * H]/2 of the Poynting vector is perpendicular to the H vector, but it is not perpendicular to the E vector. The electromagnetic field configuration when magnetic field is perpendicular to the power flow direction is called T M mode. Similarly, when Π e = 0, the power flow analysis leads to these conclusions: standing waves or travelling waves take place when Im U (x, y) = 0 or Im U (x, y) = 0, respectively. The electric field is perpendicular to Re[E × * H]/2, consequently, the case Π e = 0 corresponds to T E modes.
Numerical results and conclusions
Graphical illustrations of obtained expressions are plotted in Figs. 3, 4 , and 5. These figures illustrate the case with T M 1 mode, when β is the lowest root of Eq. (9) and the function U (ρ, α) is chosen to be U (ρ, α) = C J 0 (βρ), where J 0 (x) is the Bessel function.
The distribution of electromagnetic field in the dielectric slab is examined with the Hertzian vector formalism. The obtained dispersion relations (9a), (10a), (14a), (15a) are independent of function U (x, y). It implies that there are an infinite number of electromagnetic field configurations in the dielectric slab with the same dispersion characteristics. Exact electromagnetic field configuration in dielectric media depends on exciting conditions of the electromagnetic field. The obtained dispersion relations can be reduced to wellknown case of the travelling plane wave when the function U (x, y) is specified as U (x, y) = exp[i(±h x x ± h y y)].
Furthermore, travelling waves are obtained when
0 (βρ). Then, the electromagnetic field configuration far from the symmetry axis becomes similar to the travelling wave and has the elliptical polarization. The polarization plane always is perpendicular to the slab surface.
